Whey protein isolate (WPI) was glycated with maltopentaose (MP) through the Maillard reaction, and the MP-conjugated WPI (MP-WPI) was then phosphorylated by dry heating in the presence of pyrophosphate. Glycation occurred efficiently, and the sugar content of WPI increased approximately 19.9% through the Maillard reaction. The phosphorylation of MP-WPI was enhanced with an increase in the dry-heating time from 1 to 5 d, and the phosphorus content of WPI increased approximately 1.05% by dry heating at pH 4.0 and 85°C for 5 d in the presence of pyrophosphate. The electrophoretic mobility of WPI increased with an increase in the phosphorylation level. The stability of WPI against heat-induced insolubility at pH 7.0 was improved by conjugation with MP alone, and further improved by phosphorylation. Although the emulsifying activity of WPI was barely affected by glycation and phosphorylation, the emulsifying stability of phosphorylated MP-WPI (5 d), was 2.2 times higher than that of MP-WPI. Gelling properties such as hardness, resiliency, and water-holding capacity of heat-induced WPI gel were markedly improved, and the gel was rendered transparent by phosphorylation. The calcium phosphate-solubilizing ability of WPI was enhanced by phosphorylation. These results suggested that phosphorylation by dry heating in the presence of pyrophosphate after conjugation with MP is a useful method for improving the functional properties of WPI. 
INTRODUCTION
Dried whey powders, a major by-product of cheese and casein manufacturing, have become well known for use in the food industry due to their low price, versatility with respect to functionality, and high nutritive value as an ingredient in food products (Kim et al., 1981) . Advances in processing technology such as ultrafiltration, microfiltration, reverse osmosis, and ion exchange have resulted in the development of several different final whey products. Whey protein isolate (WPI), one such whey product usually isolated using ion-exchange technology, is used in food products to increase viscosity, form gels, stabilize emulsions or foams, or as a water-holding agent (Kinsella and Whitehead, 1989) . The effective use of protein in food processing systems is dependent on tailoring the protein's functional characteristics to meet the complex needs of manufactured food products (Chobert, 2003) . There is a need to improve the functional properties of WPI to maximize the efficiency of its use in the food industry.
Phosphorylation has been proven to be a useful method for improving the functional properties of food proteins (Woo and Richardson, 1983; Matheis and Whitaker, 1984; Seguro and Motoki, 1989; Aoki et al., 1994 Aoki et al., , 1997 Kato et al., 1995; Sitohy et al., 1995) . Recently, we succeeded in phosphorylating egg white protein (EWP) by dry heating in the presence of phosphate (Li et al., 2003 (Li et al., , 2004 , significantly improving the heat stability, emulsifying properties, and gelling properties of EWP (Li et al., 2004) . Furthermore, the calcium phosphate-solubilizing ability of EWP was enhanced by phosphorylation. However, WPI showed a lower phosphorylation level than that of EWP by dry heating under the same conditions, and this was due to a lower sugar content of WPI (Li et al., 2003) . The saccharides or sugar chains in protein are phosphorylated by dry heating in the presence of phosphate (Tarelli and Wheeler, 1994; Sitohy et al., 2000; Nakano et al., 2003) , suggesting that introduction of sufficient sugar may result in more efficient phosphorylation of WPI by dry heating in the presence of phosphate.
In the present study, to obtain an effectively phosphorylated WPI with improved functional properties, WPI was glycated with maltopentaose (MP) through the Maillard reaction, and the MP-WPI conjugate was then phosphorylated by dry heating in the presence of pyrophosphate. Lastly, we investigated the functional properties of phosphorylated MP-WPI (PP-MP-WPI).
MATERIALS AND METHODS

Materials
Whey protein isolate was purchased from Taiyo Kagaku Co., Ltd. (Yokkaichi, Japan) and MP from Nacalai Tesque Co., Ltd. (Kyoto, Japan). All other reagents were of analytical grade.
Preparation of WPI
Control WPI (C-WPI) and MP (1:0.3 wt/wt) were dissolved in Milli-Q water at a protein concentration of 20 g/L, and the solution pH was adjusted to 8.0 with 1 M NaOH, followed by lyophilization. The dried sample was kept at 50°C and 65% RH for 3 d using a saturated KI solution in a desiccator according to a previous paper (Aoki et al., 2001) , and was then dissolved in 0.1 M sodium pyrophosphate buffer at pH 4.0. The lyophilized samples were incubated at 85°C for 1, 3, and 5 d according to the previous paper (Li et al., 2004) , and the dry-heated samples were then dissolved in Milli-Q water. The solution was dialyzed to remove free pyrophosphate and MP for 3 d against Milli-Q water (molecular weight cut-off = 10,000) and then lyophilized.
For the preparation of WPI conjugated with MP (MP-WPI), C-WPI and MP (1:0.3 wt/wt) were dissolved in Milli-Q water at a protein concentration of 20 g/L, and the pH value of the solution was adjusted to 8.0 with 1 M NaOH, followed by lyophilization. The dried sample was kept at 50°C (65% RH) for 3 d using a saturated KI solution in a desiccator, then dialyzed against Milli-Q water for 3 d, after which the solution was then lyophilized. For preparation of dry-heated WPI (DH-WPI), C-WPI was dissolved in Milli-Q water at a concentration of 20 g/L and the pH was adjusted to 4.0, and the solution was then lyophilized. The dried sample was dry-heated at 85°C for 5 d. Finally, the sample was dialyzed against Milli-Q water for 3 d and then lyophilized. 
Determination of Sugar Content
The total sugar contents of C-, DH-, MP-, and PP-MP-WPI were determined using the phenol-sulfuric acid method (Dubois et al., 1956) . For the determination of free sugar, 2 mL of a 10 g/L WPI solution was ultrafiltered through Centrisalt I (Sartorius AG-W-3400 Goetingen, Germany; molecular mass cut off = 10,000). The sugar content in the ultrafiltrate was regarded as free sugar. The sugar bound to WPI was estimated by the difference between the total and free sugar content.
Determination of Phosphorus Content
Protein samples were digested in perchloric acid. Phosphorus in the digest was regarded as the total phosphorus of protein. For the determination of inorganic phosphorus (Pi), 2 mL of 10 g/L WPI solution was ultrafiltered through Centrisalt I (Sartorius AG-W-3400; molecular mass cut off = 10,000). The phosphorus content in the ultrafiltrate was regarded as Pi. The P content was determined by the method of Chen et al. (1956) . The amount of phosphorus bound to proteins was estimated by the difference between the total phosphorus and Pi content.
Measurement of Solubility
Whey protein isolate samples were dissolved at a concentration of 1 g/L in 50 mM Tris-HCl buffer (pH 7.0), and then centrifuged at 3000 × g for 15 min. The concentration of protein in the supernatant was determined by the absorbance value at 280 nm.
Electrophoresis
Native PAGE was performed using 14% gels in the absence of SDS, and SDS-PAGE using 14% polyacrylamide gels under both reducing and nonreducing conditions in the presence and absence of 2-mercaptoethanol according to the method of Laemmli (1970) . The gels were stained in Coomassie Blue R-250 for 1 h.
Measurements of Stability of WPI Against Heat-Induced Insolubility
Protein samples were dissolved at a concentration of 0.1% in 50 mM Tris-HCl buffer (pH 7.0). The sample solutions (1 mL) were placed in small test tubes with aluminum foil stoppers and were heated in a water bath at 60 to 100°C for 10 min. Aggregates were precipitated by centrifugation at 15,000 × g for 30 min. The soluble protein in the supernatant was measured to estimate the protein concentration of the solution by the absorbance value at 280 nm.
Measurement of Emulsifying Properties
The emulsifying properties of C-, DH-, MP-, and PP-MP-WPI were measured by the method of Pearce and Kinsella (1978) . The protein concentrations in WPI samples determined by Kjeldahl method were adjusted to 0.1%, and the sugar contents of WPI samples were adjusted to 19.9% by adding maltopentaose into WPI solutions. To 3 mL of a 0.1% protein sample in 0.1 M phosphate buffer (pH 7.4), 1 mL of corn oil was added, after which the mixture was homogenized at 12,000 rpm at 20°C for 1 min with a PT10-35 Polytron homogenizer (Kinematic Ag, Lucerne, Switzerland). From the bottom of each test tube, 100 L of emulsion was taken out at different times and diluted with 4 mL of 0.1% SDS solution. The absorbance of the diluted emulsion was then determined at 500 nm. The emulsifying activity was determined from the absorbance measured immediately after emulsification. The emulsion stability was estimated by determining the half time of the turbidity measured immediately after emulsion formation.
Effect of NaCl Concentration on Appearance of WPI Gel
The sample was dissolved in 0 ∼200 with an interval of 25 mM NaCl solution to give a protein concentration of 100 g/L as determined by Kjeldahl method, and adjusted to pH 7.0 with 1 M NaOH. The sugar contents of WPI samples were adjusted to 19.9% by adding maltopentaose into WPI solutions. Two hundred microliters of WPI solutions were transferred to each well of a 96-well microplate after being degassed under vacuum for 1 h, and the plate was covered with a plastic film. The microplate was then heated in an incubator at 90°C for 1 h. The absorbance at 595 nm of solution was measured using a BioRad 550 microplate reader (BioRad Laboratories, Inc., Hercules, CA) after being heated according to the method of Kitabatake and Kinekawa (1995) .
Preparation of Heat-Induced Gels for Measurement of Gelling Properties
The sample was dissolved in Milli-Q water containing 75 mM NaCl to prepare a 100 g/L WPI solution, which was transferred into a cylindrical casing tube made of polyvinylidene chloride (diameter = 13 mm, height = 100 mm), and then heated in a water bath at 90°C for 30 min. The gels were immediately cooled to room temperature by immersion in tap water for 30 min, and allowed to stand at room temperature for 1 h. They were sectioned at 15 mm thickness and used for the measurement of mechanical properties at ambient temperature, which was carried out using a Yamaden RE-3305 rheometer (Yamaden Co., Ltd., Tokyo, Japan) equipped with a cylindrical plunger with a cross-sectional area of 0.283 cm 2 (diameter = 6 mm). The plunger descended at a rate of 0.2 mm/s until the gel ruptured, and its direction was then reversed to move upward at the same speed. The hardness and resiliency of the gels were calculated from the force-deformation curves as follows (Kang et al., 1991) : Hardness = maximum force (gram-force/cm 2 ) at rupture in the compression curve. Resiliency = (area under the decompression curve/area under the compression curve) × 100%.
For measuring the water-holding capacity (WHC) of WPI gel, a 100 g/L WPI solution prepared as described above was put into a cylindrical vinyl chloride plastic casing (diameter = 13 mm, height = 150 mm), and then heated in a water bath at 90°C for 30 min. The gels were immediately cooled to room temperature by immersion in tap water for 30 min, and allowed to stand at room temperature for 1 h. They were then sectioned at 10 mm thickness and used for measurement of WHC. Water-holding capacity of gel was calculated from the formula
where W 0 was the initial gel weight and W 1 was the gel weight after being laid on 5 layers of filter paper (No. 2, diameter = 110 mm, Advantec Toyo Kaisha Ltd., Tokyo, Japan) at ambient temperature (25 ± 1°C) for 1 h.
Measurement of Solubilization of Calcium Phosphate
The preparation of test solutions was conducted according to the procedures for artificial casein micelles (Aoki, 1989) . Forty microliters of 1.0 M potassium citrate, 200 L of 0.2 M CaCl 2 , and 240 L of 0.2 M K 2 HPO 4 were added to 2 mL of 4% protein solution, followed by the addition of 200 L of 0.2 M CaCl 2 , and 100 L of 0.2 M K 2 HPO 4 . The addition of 200 L of 0.2 M CaCl 2 and 100 L of 0.2 M K 2 HPO 4 was repeated to yield calcium and Pi concentrations of 30 and 22 mM, respectively. The interval set for addition was 15 min, and all additions were accompanied by stirring at pH 6.7. The volume was adjusted to 4 mL by measuring the weight of solution. The prepared solutions were allowed to stand for 20 h at 25°C, and then centrifuged at 3000 × g for 15 min. The calcium and Pi in the supernatant were then determined, with the former being determined using a Hitachi Z-600 atomic absorp- All data shown are the mean value of the 2 determinations, with a deviation of <1%. tion spectrophotometer (Hitachi Ltd., Tokyo, Japan; Aoki, 1989) .
RESULTS AND DISCUSSION
Characteristics of Phosphorylated WPI
Whey protein isolate was conjugated with MP at pH 8.0 and 50°C for 3 d, and MP-WPI was then phosphorylated by dry heating in the presence of pyrophosphate. In the present study, 3 d of reaction time was used because the sugar content of glycated protein increased gradually until 3 d of incubation with MP (Aoki et al., 2001) . Table 1 shows some characteristics of the different WPI studied. As shown in Table 1 , C-and DH-WPI contained only a small amount of sugar (∼1.5%). However, after incubation with MP at 50°C (RH 65%) for 3 d, the sugar content of WPI increased to 12.1%, and further increased to 19.7 and 19.9% by dry heating at pH 4.0 and 85°C for 1 and 5 d, respectively, in the presence of MP and pyrophosphate. This suggested that further glycation occurred by Maillard reaction at pH 4.0 and 85°C. This result also suggested that glycation occurred efficiently on proteins in WPI. The phosphorus contents of C-, DH-, and MP-WPI were less than 0.05%, whereas that of MP-WPI increased to 0.60% by dry heating at pH 4.0 and 85°C for 1 d in the presence of pyrophosphate (PP-MP-WPI-1d), and further to 1.05% by dry-heating for 5 d (PP-MP-WPI-5d), which was higher than that of bovine whole casein (Fox, 2003) . In a previous study (Li et al., 2004) , we phosphorylated EWP by dry heating in the presence of pyrophosphate to yield a phosphorus content of phosphorylated EWP of 1.05%, which was considered to be a phosphorus content sufficient for improving the functional properties of EWP. In the present study, the phosphorus content of glycated WPI was very close to that of EWP under the same reaction conditions. These results indi- cated that efficient phosphorylation occurred in WPI by dry heating in the presence of pyrophosphate after conjugation with MP. The solubility of food protein is an important property for its application in food processing. Almost no effect of the Maillard reaction or phosphorylation on the solubility of WPI at pH 7.0 was observed, and even when dry heated for 5 d in the presence of pyrophosphate, the solubility of WPI was 99.4%.
Native PAGE and SDS-PAGE were performed to elucidate, respectively, the changes of charge in protein and the bonds formed in protein aggregates by phosphorylation after glycation. As shown in Figure 1A (native PAGE), although there were almost no changes in the mobility of C-and DH-WPI components, the mobility of protein bands other than the band at the top of gel sheet in MP-WPI decreased. This might be caused by the introduction of MP to the WPI components and the subsequent increase of their molecular mass. On the other hand, compared with MP-WPI, the mobility of protein increased with an increase in dry-heating time from 1 to 5 d in the presence of pyrophosphate, and that increase of mobility was in agreement with the phosphorylation level (Table 1) . These results indicated that a higher level of negatively charged phosphate groups on WPI caused greater mobility. To assess the binding type of aggregates, we performed SDS-PAGE in the absence and presence of 2-mercaptoethanol. As shown in Figure 1B , a band at the top of the gel sheet in C-WPI was observed in the absence of 2-mercaptoethanol, whereas it disappeared in the presence of 2-mercaptoethanol, suggesting that a slight aggregation caused by disulfide bonds may have occurred during the heat treatment of WPI. That aggregate increased by dry heating at pH 4.0 and 85°C for 5 d in the absence of MP and pyrophosphate, but there were almost no changes in the mobility of the major protein components. However, the mobility of 2 major proteins (β-LG and α-LA) in WPI decreased by glycation, and a different molecular mass of these proteins was observed in the absence of 2-mercaptoethanol. This observation indicated that the molecular mass of β-LG and α-LA increased by conjugation with MP, which might explain why the mobility of WPI components decreased by conjugation with MP in the native PAGE ( Figure 1A ). In the absence of 2-mercaptoethanol, the intensities of the bands of MP-conjugated proteins decreased with an increase in dry-heating time from 1 to 5 d. On the other hand, in the presence of 2-mercaptoethanol, the intensities of the bands of proteins in MP-and PP-MP-WPI increased, suggesting that the formation of some of the polymerization between whey protein components was caused by a sulfhydryl-disulfide interchange reaction through dry heating in the absence or presence of pyro- Figure 1 . Electrophoretic patterns of control (C), dry heated (DH), maltopentaose-conjugated (MP), and phosphorylated, maltopentaoseconjugated (PP-MP) whey protein isolate (WPI). A) Native PAGE (14% polyacrylamide gel without SDS); B) SDS-PAGE (14% polyacrylamide gel with 1.7% SDS) with (+) and without (−) 5% 2-mercaptoethanol (2-ME). Lane M = marker protein.
phosphate. Furthermore, the band near 14 kDa also increased in the presence of 2-mercaptoethanol, indicating that part of α-LA was polymerized through disul- fides by dry heating. However, some of the aggregates remained undissociated in the presence of 2-mercaptoethanol. These results indicated that not only disulfide bonds but also other types of bonds were formed by dry heating. Covalent bonds other than the disulfide bonds formed in proteins by dry heating have been discussed by some researchers (Kato et al., 1989; Watanabe et al., 1999) , but their structures have not yet been elucidated. It has been reported that cross-linking by amidation between carbonyl and ε-amino groups or by transamidation between such groups with the elimination of ammonia occurs upon severe heat treatment in protein molecule(s) (Feeney, 1975) . Thus, covalent bonds such as those mentioned above may be formed in WPI on dry heating in the absence and presence of pyrophosphate.
To examine the stability of WPI against heat-induced insolubility at pH 7.0, 1 g/L solutions of C-, DH-, MP-, and PP-MP-WPI dissolved in a 50 mM Tris-HCl buffer (pH 7.0) were heated at various temperatures (60 to 100°C), and the soluble proteins were determined. As shown in Figure 2 , soluble proteins in the C-and DH-WPI solutions decreased markedly as heating temperatures increased >80°C, but then declined ∼31.8% for DH-WPI and 42.9% for C-WPI by heating in boiling water for 10 min. In the case of MP-WPI, the decrease of soluble protein heated in boiling water was 69.9%, which was higher than those in C-and DH-WPI, suggesting that the stability of WPI against the heat-induced insolubility at pH 7.0 was somewhat improved by conjugation with MP. However, under the same heat treatment conditions (boiling water/10 min), the soluble protein in PP-MP-WPI-5d solutions was increased even further to 97.2%. These results suggested that although the stability of WPI against heating at pH 7.0 was somewhat improved by glycation, the stability was further improved by phosphorylation. The improved stability of food proteins against heating through the Maillard reaction has been reported by some researchers (Aoki et al., 1999 (Aoki et al., , 2001 Matsudomi et al., 2002) . Kato et al. (1995) reported that the heat stability of ovalbumin was improved by conjugation with glucose-6-phosphate. Interestingly, in that case, compared with conjugation with glucose, the stability of ovalbumin against heat was much more efficiently improved by conjugation with glucose-6-phosphate, suggesting that phosphate groups played an important role in improving the stability of ovalbumin against heat. In the present study, although phosphate groups were introduced after glycation, they were also essential in retaining the more soluble proteins in solution after heat treatment. It has been reported that the electrostatic-repulsive force is important in helping to prevent the random aggregation of denatured ovalbumin (Kitabatake et al., 1988; Li et al., 2005) . The transparent solution obtained in this study is thought to be due to the soluble linear aggregates of PP-MP-WPI resulting from a hydrophobic interaction and the electrostatic-repulsive force between introduced phosphate groups. Figure 3 shows the emulsifying activity (A) and stability (B) of C-, DH-, MP-, and PP-MP-WPI. The value of the ordinate at zero time denotes the relative emulsifying activity, and the half-life of initial turbidity reflects the stability of the emulsion. Whey protein is an excellent emulsifier, and in the present study, its emulsifying activity was barely affected by glycation and phosphorylation. The emulsifying stability of WPI decreased slightly by dry heating in the absence of pyrophosphate, which was slightly affected by glycation alone or phosphorylation for 1 d after glycation. However, the emulsifying stability of PP-MP-WPI-5d was 2.2 times higher than that of MP-WPI. The improved emulsifying stability of PP-MP-WPI-5d may be due to slightly better amphiphilic balance and the prevention of coalescence of oil droplets by electrostatic repulsion force of introduced and negatively charged phosphate groups.
Functional Properties of Phosphorylated WPI
To examine whether the properties of heat-induced WPI gels were improved by phosphorylation, we measured some of those properties. First, we examined the effect of NaCl concentration on the appearance of WPI gels at 595 nm. As shown in Figure 4 , the turbidity of C- WPI increased with an increase in NaCl concentration. Although the gel turbidity was slightly reduced by glycation, the gels remained opaque at a NaCl concentration of >25 mM. On the other hand, the turbidity of PP-MP-WPI gels was much lower than that of C-and MP-WPI, becoming very transparent under visual inspection at a NaCl concentration of <100 mM (data not shown). Thus, a NaCl concentration of 75 mM was used in subsequent experiments for the measurement of gel properties. Next, we examined the hardness, resiliency, and WHC of C-, MP-, and PP-MP-WPI gels, although the properties of PP-MP-WPI-5d were not measured because of its overly soft texture. As shown in Table  2 , the hardness of MP-WPI and PP-MP-WPI gels was higher than that of C-WPI, whereas there was no significant difference between those of MP-and PP-MP-WPI. Compared with C-WPI, the resiliency and WHC of WPI increased by conjugation with MP, and increased even further by phosphorylation. The turbidities of WPI solution (before heating, 75 mM NaCl) and gels (after heating) are shown in Table 2 . Before heating, although the turbidity of all samples was low (as expected), that of C-and MP-WPI gels increased after heating at 90°C for 1 h. However, the turbidity of PP-MP-WPI was much lower than that of C-and MP-WPI. Furthermore, it seems that a transparent heat-induced PP-MP-WPI gel could be produced at a relatively higher NaCl concentration, suggesting that a transparent heat-induced WPI gel with better texture was obtained by phosphorylation after glycation. In a previous paper (Li et al., 2004) , we reported that the properties of EWP gels were improved by phosphorylation. The improved WHC and increased transparency of PP-MP-WPI (1 d) gel in the present study is considered to be due to the construction of a uniform network (Woodward and Cotterill, 1986; Yasuda et al., 1986) . Interestingly, in the present study, although PP-MP-WPI-5d contained more phosphorus than did PP-MP-WPI-1d, its heat-induced gel was much softer than that of PP-MP-WPI-1d at 75 mM NaCl, most likely due to too strong electrostatic repulsive force of phosphate groups (Hatta et al., 1986) . Thus, the use of 1 d of dry heating time after glycation is recommended when a heat-induced PP-MP-WPI gel is prepared.
The solubilization of the calcium phosphate of WPI was examined using the method of artificial casein micelles, where the final concentrations of calcium, Pi, and citrate were 30, 22, and 10 mM, respectively. The solubilized calcium and Pi were estimated from the difference between their soluble concentrations in the solutions with and without protein. As shown in Figure  5 , although C-or MP-WPI had only a slight calcium phosphate-solubilizing ability, it was enhanced by phosphorylation after glycation. In the presence of 2% protein, PP-MP-WPI-5d solubilized 12.9 mM Pi and 20.0 mM calcium, showing that the calcium phosphate-solubilizing ability of WPI was efficiently enhanced by phosphorylation after glycation with MP. Thus, PP-MP-WPI may be expected to enhance the absorption of calcium.
The roles of phosphate groups such as their physiological (Kitazawa et al., 1996 (Kitazawa et al., , 1998 (Kitazawa et al., , 2000 and immune functions (Hata et al., 1998 (Hata et al., , 1999 Otani et al., 2000) Figure 5. Calcium phosphate-solubilizing ability of control (C), dry heated (DH), maltopentaose-conjugated (MP), and phosphorylated, maltopentaose-conjugated (PP-MP) whey protein isolate (WPI). Test solution contained 20 g/L protein, 30 mM calcium, 22 mM Pi, and 10 mM citrate, with pH adjusted to 6.7 with 1 M KOH. Each column shows mean values of 2 determinations, with a deviation of less than 1%. 
CONCLUSIONS
The present study demonstrated that WPI could be efficiently phosphorylated by dry heating in the presence of pyrophosphate after conjugation with MP, and that its functional properties such as stability against heat-induced insolubility and calcium phosphate-solubilizing ability were improved by phosphorylation. In addition, the gelling properties, such as the hardness, resiliency, and WHC of heat-induced gels of WPI were markedly improved, and the gel was rendered transparent by phosphorylation. Thus, phosphorylation by dry heating in the presence of pyrophosphate after glycation with MP seems to be a useful method for improving the functional properties of WPI. Further studies are underway in our laboratory to determine the possible causative factors responsible for the improved functional properties of PP-MP-WPI.
